spectra. INP freezing temperatures and concentrations were consistently higher on average from the southeast as compared to the 22 northwest for rime, snow and especially aerosol samples which is likely a result of air mass influence from predominantly boundary 23 layer terrestrial and marine sources in Southern Europe, the Mediterranean, and North Africa. For all three sample types combined, 24 average onset freezing temperatures were -8.0 and -11.3 ˚C for southeasterly and northwesterly days, respectively, while K(T) 25 were 3 to 20 times higher when winds arrived from the southeast. Southeasterly aerosol samples typically had a clear mode in the 26 warm temperature regime (i.e., ≥ −15 °C) in the df/dT and k(T) spectra-indicating a putative influence from biological sources-27 while the presence of a warm mode in the rime and snow varied. Evaluating df/dT concert with k(T) spectra exhibited variable 28 modality and shape-depending on the types of INPs present-and may serve as a useful method for comparing different sampled 29 substances and assessing the possible relative contributions of mixed mineral and biological versus only biological INP sample 30 populations. 31
Introduction 32
Aerosols are key players in the atmospheric radiation budget, cloud microphysics, and precipitation development. Aerosol-induced 33 ice microphysical modifications influence cloud lifetime and albedo (Albrecht, 1989; Twomey, 1977; Storelvmo et al., 2011) , as 34 well as the production of precipitation (DeMott et al., 2010). Mixed-phase clouds (MPCs) are ubiquitous in the troposphere over 35 the entire annual cycle yet are difficult to quantify globally in part due to an inadequate understanding of aerosol-cloud interactions 36 in mixed-phase environments (Korolev et al., 2017) . Thus, a close evaluation of aerosol-cloud processes is crucial to evaluating 37 weather and climate processes. However, one of the most significant challenges with regard to aerosols is quantifying their impacts 38 on cloud ice formation through serving as ice nucleating particles (INPs) (Boucher et al., 2013) . Constraining aerosol-cloud impacts 39 in models, specifically when parameterizing INPs in MPC systems, remains a significant challenge due to limited observations 40 (Cziczo et al., 2017; Coluzza et al., 2017; DeMott et al., 2010; Kanji et al., 2017; Korolev et al., 2017) . Observations directly in-41 cloud are even more scarce-given the logistical costs and resources required by airborne platforms, caveats associated with 42 aircraft probes and instrumentation, and instrumental artefacts caused by flying through clouds at high speeds (Cziczo et al., 43 2017)-but are useful for assessing the impacts of INPs on MPC microphysics as compared to most surface measurements which 44 are geared towards evaluation of INP sources. 45
In the absence of conditions with −38 °C and relative humidity with respect to ice above 140%, INPs are required for initiation of 46 tropospheric cloud ice formation . Aerosols such as dust and primary biological aerosol particles (PBAPs) are 47 A +0.33 °C correction factor was added to any temperature herein and an uncertainty of 0.15 °C was added to the probe accuracy 152 uncertainty based on DFCP characterization testing presented in Creamean et al. (2018b) , to account for the temperature difference 153 between the measurement (i.e., in the plate centre) and actual drop temperature. Frozen drops were detected visually but recorded 154 through custom software. The software records the time, probe temperature, and cooling rate for every second of the test. When a 155 drop is identified as frozen, a button is clicked on the software graphical user interface so that it records that exact time, probe 156 temperature, and cooling rate of that drop in a separate file. The test continued until all 100 drops were frozen. Each sample was 157 tested three times with 100 new drops for each test. The fraction frozen was calculated from all detected drops frozen combined 158 from the three tests (typically, > 90% of the drops were detected). The results from the triplicate tests were then binned every 0.5 159 °C to produce one spectrum per sample. Cumulative INP concentrations were calculated using the equation from Vali (1971) : 160
Where Vdrop is the average volume of each drop and f(T) is the fraction of drops frozen at temperature T. Normalized differentials 162 of the frequency of freezing events, or df/dT, were calculated finding the difference in f(T) at each temperature bin of 0.5 °C and 163 normalizing to the maximum df/dT value per sample, then smoothed using a moving average. Aerosol cumulative INP 164 concentrations were corrected for the total volume of air per sample ( ( ) × ) while melted rime/snow residual 165 cumulative INPs were adjusted to the total used during analysis ( ( ) × ), where Vsuspension and Vair represent the total 166 liquid volume analyzed per sample (0.75 mL for the three tests) and total volume of air drawn per sample (39888 L), respectively. 167
Differential INP spectra-which as the name indicates, correspond to the differential of the cumulative spectra (Vali et al., 2015) -168 were used early in earlier studies (Vali, 1971; Vali and Stansbury, 1966) . Spectra from these previous studies only reached a 169 minimum of -20 ˚C due to the limitations of background artifacts in the water used at that time. Recent work by Vali (2018) revisits 170 the use of differential spectra, expanding to lower temperatures. We employ the calculation for differential INP concentrations 171 from Vali (2018) : 172
where N is the number of unfrozen drops and ΔN is the number of freezing events observed between T and (T -ΔT). Differential 174 concentrations were divided by the maximum concentration per sample (i.e., to normalize) then smoothed using a moving average. 175
Supporting meteorological and source analysis data 176
Auxiliary surface meteorological observations, including but not limited to hourly mean air temperature measured 2 m above 177 ground level (a.g.l.) (˚C), relative humidity measured 2 m a.g.l. (%), scalar wind speed (m s -1 ) and direction (degrees), and incoming 178 longwave radiation (W m -2 ) were acquired from MeteoSwiss (https://gate.meteoswiss.ch/idaweb/). From the longwave 179 measurements, in-cloud conditions were determined by calculating the sky temperature and comparing to air temperature measured 180 at the station, per the methodology of Herrmann et al. (2015) from a 6-year analysis of JFJ observations. There were no in situ 181 measurements of cloud presence or extent. For the current work, each hourly measurement was categorized as out-of-cloud or in-182
cloud based on such calculations and averaged to obtain daily cloud coverage percentage. 183 Radon ( 222 Rn) concentrations have been continuously measured at JFJ since 2009. Details on the detectors themselves and the 184 measurements can be found in Griffiths et al. (2014) . Briefly, 30-minute radon concentrations were measured using a dual-flow-185 loop two-filter radon detector as described by Chambers et al. (2016) . Calibrated radon concentrations were converted from activity 186 concentration at ambient conditions to a quantity which is conserved during an air parcel's ascent: activity concentration at standard 187 temperature and pressure (0 ˚C, 1013 hPa), written as Bq m -3 STP (Griffiths et al., 2014 were measured with a 15-channel optical particle sizer (OPS 3300; TSI, Inc.) at a 1-minute time resolution (Bukowiecki et al., 190 2016 https://www.esrl.noaa.gov/psd/data/composites/day/). Trajectories were initiated at 10, 500, and 1000 m a.g.l. every 3 hours daily, 205 but only the 500-m trajectories are shown. Trajectories were only simulated for each northwesterly, southeasterly, SDE, and BLI 206 case study day (i.e., Table 1 ). It is important to note that "northwesterly" is a contribution of north, west, and northwest winds, 207 while "southeasterly" includes south, east, and southeast winds. SDE and BLI days were predominantly (not entirely) southeasterly. 2011). Out of the entire study, several days were classified as northwesterly (5 days) or southeasterly (2 days) conditions when a 216 combination of aerosol, cloud rime, and snow samples were collected (i.e., a full 24 hours of northwesterly or a full 24 hours of 217 southeasterly winds during snowfall; Table 1), which are herein focused on as the case study days (indicated by the blue and red 218 in Figure 1b , respectively). These days were also deemed days with "storm" conditions since clouds and snow were both present 219 at JFJ. There were 4 days that maintained predominantly southerly wind directions as indicated in green in Figure 1b and Table 1  220 and were characterized as days influenced by SDEs or BLI as discussed herein. Rime and snow were only collected on one of these 221 days, while remaining SDE or BLI cases had only aerosol collected. Aside from 22 Feb (missing data), the remaining days in the 222 study were characterized as FT and did not exhibit influences from warm temperature INPs (see section 3.2 and 3.3). 223 27 Feb, 28 Feb, 06 Mar, and 11 Mar case days, indicating samples collected on these days were likely influenced by continental 227 boundary layer sources. Relatively low radon concentrations were observed the remaining case study days, indicating these samples 228 were predominantly affected by free tropospheric (FT) air and thus, lower aerosol concentrations and/or more distant, including 229 marine, sources. Although OPS data were missing until 23 Feb, source information can be gleaned from the available data. For 230 example, 23 Feb had episodic high concentrations of particles (maximum of 9.6 cm -3 ) towards the beginning of the day coincident 231 with the largest spike in radon, with a steady decrease as time transpired, indicating the boundary layer was an ample source of > 232 0.3 μm particles. A similar episode with the OPS and radon concentrations was observed 27 -28 Feb, where the highest 233 concentrations of each were observed during the entire study period. Selected days were subject to diurnal winds (not shown), such 234 as 06 Mar, where boundary layer air reached JFJ and a midday maximum in OPS particle concentrations was observed, indicating 235 lower elevations were the dominant source of aerosol. Although, diurnal variations in aerosol from local sources have been shown 236 to not be common in the winter at JFJ (Baltensperger et al., 1997) . In contrast, 11 Mar was exposed to boundary layer air based on 237 radon observations, but particle concentrations were low (average of 0.2 cm -3 compared to a study average of 3.0 cm -3 ), signifying 238 that although BLI occurred at JFJ, it was not a substantial source of aerosol. These relationships corroborate the ice nucleation 239 observations, as discussed in detail below. 240
Extending past local conditions, air mass transport 10 days back in time prior to reaching JFJ on case study days was, as expected, 241 dissimilar between northwesterly ( Figure 3 ) and southeasterly/SDE/BLI (Figure 4) conditions. The main distinctions between 242 northwesterly and southeasterly/SDE/BLI days are: (1) northwesterly days originated from farther west, with some days reaching 243 back to North America, while air masses on southeasterly/SDE/BLI days predominantly hovered over land and oceanic sources 244 closer to Europe, (2) southeasterly/SDE/BLI air masses travelled closer to the surface relative to northwesterly days, while 245 northwesterly air masses were typically transported from higher altitudes (i.e., more FT exposure), and (3) aside from 6 Mar (which 246 is discussed in more detail in the following section), northwesterly air masses did not travel over the Mediterranean and northern 247 Africa, whereas the southeasterly/SDE/BLI air masses above JFJ arrived from over such regions within less than 2 days before 248 arriving to JFJ. One obvious inconsistency is that the air mass trajectories on 24 Feb do not indicate transport occurred from 249
Northern Africa even though this day was characterized as an SDE. Collaud Coen et al. pathways and sources for bacteria and viruses, but during the summer in southern Spain. These disparate sources and transport 254 pathways of air support the variability in the ice nucleation observations as discussed in more detail in the following section. 255
Variability in INP spectra based on air mass source 256
Out of the 25 aerosol, 30 rime, and 39 snow samples collected, 7 aerosol, 19 rime, and 23 snow were collected northwesterly or 257 southeasterly storm case study days, while 4 aerosol, 1 rime, and 2 snow were collected on SDE or BLI days (Table 1) . Most mixed 258 wind direction days were excluded, as sources from both directions would contribute to the daily aerosol sample. Figure 5 Only the largest size range of the aerosol is shown because the remaining size ranges (i.e., < 2.96 μm) were not distinct with respect 282 to wind direction. The fact that size, alone, exhibited directionally-dependent results and that such dependencies were only 283 observed in the coarse mode aerosol indicate: (1) the sources were indeed different between northwesterly, southeasterly, and 284 SDE/BLI transport-supporting the air mass source analyses-and (2) the coarse mode aerosols were likely from a regional source 285 as opposed to long-range transported thousands of kilometres. This is because gravitational settling typically renders transport of 286 coarse particles inefficient especially within the boundary layer (Creamean et Onset freezing temperatures (i.e., the highest temperature in which the first drop in each sample froze) were typically higher for 296 southeast/SDE/BLI samples as compared to the northwest (Figure 6b) , indicating influences from sources that produce warm 297 temperature INPs on these days. The temperatures in which 10% (T10) and 50% (T50) of the samples froze were also typically 298 higher for the southeast/SDE/BLI as compared to the northwest samples, especially for the aerosol samples, indicating higher 299 concentrations of more efficient warm temperature INPs. 300
Regarding the snow, it is possible that surface processes generate airborne ice particles, which contribute to a snow sample collected 301 at a mountain station (Beck et al., 2018) . However, snow that is re-suspended during a snowfall event largely consists of the most 302 recently fallen snow crystals covering wind-exposed surfaces. These particles are unlikely to be different from concurrently falling 303 snow. Hence, their contribution will not change INP abundance or spectral properties of the collected sample. Another matter are 304 hoar frost crystals, which can be very abundant in terms of number, but because of their small size (i.e., < 100 µm (Lloyd et al., 305 2015)) can only make a minor contribution to the mass of solid precipitation depositing in a tin placed horizontally on a mountain 306 crest. The majority of small crystals will follow the streamlines of air passing over the crest. All that an increased influence of hoar 307 frost particles would do to our observations is to decrease measured differences between snow and rime samples, because additions 308 of hoar frost, a form of rime, would render the collected snow sample a bit more similar to rime. troposphere. This could explain why the warm mode (and higher T10 and T50) was observed for the rime and snow, but not the 324 aerosol-the aerosol had sufficient time to nucleate ice during free tropospheric transport and especially the warm temperature 325
INPs that would likely become depleted in-cloud first (Stopelli et al., 2015) , assuming the clouds formed along the air mass 326 transport pathways. Cloud fraction was relatively low (12.5 to 25%), but air temperatures were relatively high (-8.4 to -7.1 ˚C), 327 suggesting conditions were amenable for long-range transported warm temperature INPs to nucleate cloud ice. However, from the 328 available data, we cannot determine with certainty if the local conditions were the same as those when nucleation initially occurred. 329
For 19 and 20 Feb, air temperature was cold (-16.4 and -19.6 ˚C, respectively) cloud fraction was high (92 and 54%, respectively), 330 and all samples did not contain a warm mode. One possible explanation is that any warm temperature INPs that were present in 331 the clouds had already snowed out prior to reaching the sampling location, as observed by Stopelli et al. (2015) at JFJ. Although, 332
given the low radon concentrations and erratic transport pathways, it is possible such air masses did not contain a relatively large 333
Ocean. Thus, these samples were predominantly influenced by the continental (mostly over remote regions) and marine boundary 337 layers, where sources of warm temperature INPs are more abundant (Frohlich-Nowoisky et al., 2016) . 338
The northwesterly case of 06 Mar is somewhat interesting in that the local wind direction was clearly from the northwest, but air 339 mass source analyses show brief transport in the boundary layer (radon) from the south, when looking farther back in time, traveling 340 over the Mediterranean and North Africa. The aerosol sample had a high onset temperature for INPs relative to other northwest 341 samples (Figure 6b ) and snow samples exhibited a warm mode (Figure 6g) . It is the only one of the northwesterly case samples 342 that encountered boundary layer exposure according to the radon observations. Combined, these results suggest a somewhat mixed-343 source sample, and that 06 Mar may not be directly parallel to the other northwesterly cases. Transitioning back to a southeasterly 344 case on 11 Mar, only the rime and snow unveiled a warm mode from air transported from similar regions as the 06 Mar sample. 345
Additionally, OPS concentrations were very low (Figure 1c) . These results suggest the aerosols already nucleated cloud ice prior 346 to reaching JFJ on 11 Mar (i.e., low ambient aerosol), where the aerosol did not contain a warm mode, but rime and snow did. 347
When evaluating the SDE and BLI days, there is a bit of variability. On 24 Feb, clouds were present at JFJ (a cloud fraction of 348 37.5%), but riming was insufficient to collect enough quantity for INP analysis and no snowfall occurred. Interestingly, the warm 349 
